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[1] Ulysses observations have shown that pressure balance

structures (PBSs) are a common feature in high-latitude, fast solar

wind near solar minimum. Previous studies of Ulysses/SWOOPS

plasma data suggest these PBSs may be remnants of coronal polar

plumes. Here we find support for this suggestion in an analysis of

PBS magnetic structure. We used Ulysses magnetometer data and

applied a minimum variance analysis to magnetic discontinuities in

PBSs. We found that PBSs preferentially contain tangential

discontinuities, as opposed to rotational discontinuities and to

non-PBS regions in the solar wind. This suggests that PBSs contain

structures like current sheets or plasmoids that may be associated

with network activity at the base of plumes. INDEX TERMS:

2109 Interplanetary Physics: Discontinuities; 2169 Interplanetary

Physics: Sources of the solar wind; 7511 Solar Physics,

Astrophysics, and Astronomy: Coronal holes; 7524 Solar Physics,

Astrophysics, and Astronomy: Magnetic fields

1. Introduction

[2] Coronal plumes are a common feature of the solar corona, in
particular at solar minimum. White-light and UVobservations have
shown that these plumes, bright raylike structures, extend to at
least 30 solar radii along open magnetic fields and have densities
that are 2–5 times higher than the interplume density [e.g. Walker
et al., 1993]. They lie over concentrations of magnetic flux in the
chromospheric network [DeForest et al., 1997]. The requirement
for a plume to exist over any given flux concentration appears to be
that there is heating low in the chromosphere in the magnetic flux
concentration [Del Zanna et al., 1997]. This heating is believed to
be due to the advection of oppositely directed magnetic flux into
the flux concentration and subsequent reconnection [Wang, 1998].
[3] On the other hand, pressure balance structures (PBSs) in fast

solar wind are intervals in which changes in the plasma and
magnetic pressures balance one another while total pressure
remains constant. McComas et al. [1996] have found that the
high-speed polar wind is permeated by PBSs on the time scale of
<1 day. Many observations [Thieme et al., 1988, 1990; McComas
et al., 1996; Reisenfeld et al., 1999] and theoretical studies [Velli et
al., 1994; Casalbuoni et al., 1999] have suggested that PBSs are
the interplanetary remnant of coronal plumes since they have
compatible characteristics. Reisenfeld et al. [1999] found that
fluctuations of the plasma beta and the helium abundance inside
of PBSs correlate with each other. Since solar wind abundances are
fixed in the chromosphere and transition region and since polar
coronal holes are source regions of high-speed solar wind they
conclude that the solar origin for PBSs appear to be polar plumes.

[4] Given the inherent magnetic structure of plumes, it is logical
to suppose that information on the magnetic structure of PBSs
might be helpful in discussing the relation between PBSs and
plumes in more detail. Since observational and theoretical results
indicate that the formation of plumes is related to network activity
such as magnetic reconnection, PBSs would have some magnetic
features associated with the activity such as plasmoids or current
sheets if they came from the plumes.
[5] In this letter, we have investigated the magnetic structures of

PBSs by analyzing Ulysses plasma and magnetometer data. PBSs
are identified using a standard definition. Magnetic discontinuities
in PBSs are examined using a minimum variance analysis (MVA),
because MVA can identify the interfaces of plasmoids or current
sheets as tangential discontinuities. Further, Ulysses may detect
radial magnetic field component reversals if PBSs have tangential
discontinuities, though the reversals in the fast solar wind at high
latitudes have previously been identified as large amplitude Alf-
vénic fluctuations [e.g. Forsyth et al., 1996]. Thus, we examine the
polarity of the radial component of the high latitude interplanetary
magnetic field. The results are compared with analysis of otherwise
similar magnetic discontinuities that are not classified as PBSs. We
report results of the analysis and discuss the solar origin for PBSs
and the relation between PBSs and polar plumes.

2. Observations and Analysis

[6] To identify PBSs, we have used 1-hour averaged plasma
data from Ulysses/SWOOPS [Bame et al., 1992], and 1-hour
averaged magnetic data from Ulysses/Magnetometer [Balogh et
al., 1992]. At the same time, we have used 2-sec magnetometer
data for the investigation of magnetic discontinuities. This is
because the thickness of the discontinuities is typically a few
proton gyroradii, which corresponds to several seconds for the
discontinuities to be advected past a spacecraft with the solar wind
[Tsurutani and Smith, 1979]. We only consider the data taken in the
south polar regions above 50� latitude from January 18, 1994 to
December 21, 1994 since there is no a priori reason to expect PBSs
differ in the north. The heliocentric distance of Ulysses in the
period was 3.73–1.63 AU.
[7] We have identified PBSs from the 1-hour SWOOPS data

with the following two criteria based on McComas et al. [1996]:
(1) The maximum plasma beta normalized at 1AU >bavg + s,
where bavg is an averaged value of the normalized plasma beta for
entire analysis period and s is a rms of bavg, (2) Duration time >6
hours. In addition, we look for a qualitative anticorrelation between
the thermal Pth (increase) and the magnetic pressure Pmag

(decrease) while the total pressure Ptot is relatively constant, and
enhancements of the helium abundance as well as the proton
temperature and the number density [Casalbuoni et al., 1999;
Reisenfeld et al., 1999]. The relatively constancy of Ptot is simply a
description of overall pressure between the PBSs and surrounding
solar wind. These criteria are slightly more restrictive than used by
McComas et al. [1996] but we have still identified a large number
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of PBSs. Pmag = B2/8p where B is a vector of magnetic field, and
Ptot = Pth + Pmag. To derive the thermal pressure, we have used Pth

= k(npTp + naTa + neTe), where (np, na, ne) and (Tp, Ta, Te) are the
number densities and temperatures of proton, alpha particles, and
electrons, respectively. ne is, occasionally, not well determined and
therefore is replaced by ne = np + 2na. To normalize the plasma
beta at 1AU, we use the radial dependence of temperatures and
magnetic field components (Br, Bt, Bn) in RTN coordinate system
as follows: Tp and Ta / r�0.83, Te / r�0.91 [Scime et al., 1994], Br

/ r�2, and Bt and Bn / r�1 while using a scaling density in radius
as r�2.
[8] A minimum variance analysis (MVA) is applied to each

magnetic directional discontinuity to provide a normal vector n of
the plane of the discontinuity by computing the minimum value of
the standard deviation, s, of the magnetic field component in that
direction [Sonnerup and Cahill, 1967]

s2 ¼ 1

N

XN

i¼1

Bi � n� Bh i � n½ �2; ð1Þ

where Bi is i-th vector field measurement and hBi is the average
vector, (1/N )

P
i=1
N Bi. Minimizing the value of the standard

deviation is equivalent to finding the smallest eigenvalue, lmin,
of the covariant matrix although one derives three eigenvalues
(lmin, lint, lmax) from equation (1), where lmin < lint < lmax. In
this paper, we use a cutoff ratio of the intermediate to the minimum
eigenvalues lint/lmin < 2 to define a discontinuity.
[9] We use the parameters B � n/|B| and � |B|/|B| to determine

whether each event is a rotational or tangential discontinuity with
the following event identification criteria [e.g., Neugebauer et al.,
1984]:

Rotational (RDs): B � n/|B| � 0.4, �|B|/|B| < 0.2
Tangential (TDs): B � n/|B| < 0.4, �|B|/|B| � 0.2
Either (EDs): B � n/|B| < 0.4, �|B|/|B| < 0.2
Neither (NDs): B � n/|B| � 0.4, �|B|/|B| � 0.2

[10] Here, NDs are inconsistent with RDs or TDs, while EDs
could be either in principle.

3. Results

[11] We have identified 53 PBSs in the analysis period. Figure 1
is 1-hour data plot of solar wind plasma and magnetic field
showing an example of PBSs. In the figure, one PBS is shown
as the hatched area.

Figure 1. 1-hour data plot of plasma and magnetic parameters for interval from June 5 to 8, 1994, when Ulysses was at ��67� at a
heliocentric distance of 2.9 AU. Top to bottom panels show the solar wind velocity, the spherical components (r, q, and f) of magnetic
field in RTN coordinate, the magnetic strength, the proton density, the ratio of He++/H+, the proton temperature, the pressures (total
(solid), thermal (dotted), and magnetic (dash-dotted) pressures), and the plasma-beta normalized at 1AU, respectively. In the plasma beta,
dash-dotted line is averaged value bavg of the normalized plasma-beta for analysis period and dotted one is the bavg + s. A PBS is
indicated with hatched area on June 7, 1994.
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[12] Figure 2 shows the results of the MVA analysis. Figure 2a
is a scatter plot of the normal field component and relative field
magnitude across discontinuities in PBSs. The averaged thickness
of the discontinuities is 45.8 ± 42.8 secs. Tsurutani and Smith
[1979] report that the width of discontinuities at 5 AU is 5–10
times as thick as that at 1AU which is typically �2–3 sec. Since
the radial distance range of Ulysses observations in our analysis
period is 3.73–1.63 AU, the expected thickness is �10 sec.
Therefore the averaged thickness of discontinuities we obtained
is reasonable.
[13] The percentages that we find for RDs:TDs:EDs:NDs in

PBSs is 8%:47%:43%:2%. Thus, there is a preponderance of TDs
relative to RDs. We have tested the preponderance of TDs in two
ways. First, we compare with earlier results for discontinuities in
typical solar wind as analyzed with various in-ecliptic spacecraft at
1AU and reported by Neugebauer et al. [1984] and Horbury et al.
[2001]. They found the percentage for RDs:TDs:EDs:NDs are
61%:7%:30%:2% and 57%:11%:26%:6%, respectively, in the
overall solar wind (including both fast and slow wind). Using
the multinomial chi-square test of populations in which elements
fall into a number of classes, in this case four, we can construct a
test of whether the difference between these two results is statisti-
cally significant, and we find that the two results differ at the
99.5% confidence level. The most likely source of error in the
MVA is small amplitude fluctuations or surface waves on the TDs
so that they will tend to be identified as RDs [Horbury et al.,
2001]. This cannot explain why our analysis would produce
smaller numbers of RDs and larger numbers of TDs since we
use the same technique and definitions as used earlier. Therefore
we conclude that the difference between our and earlier results can
only be explained by PBSs preferentially containing TDs; hence
the structures of discontinuities contained in PBSs tend to be like
current sheets or plasmoids.
[14] We make second, and more rigorous test by computing

normal vectors for discontinuities in 100 non-PBS intervals
which were identified by an absence of an enhancement in
plasma-beta but which contained reversals in Br. Figure 2b shows
the scatter plot for the non-PBSs. The averaged thickness of
discontinuities in non-PBSs is 39.5 ± 38.6 secs, similar to the
PBSs. But, the percentage for RDs:TDs:EDs:NDs in this case is

22%:5%:73%:0%. The fractions of RDs against TDs is large and
most of EDs are distributed around the horizontal axis rather than
vertical. We suggest that the magnetic reversals in the non-PBSs
can be interpreted as more commonly being Alfvénic fluctuations,
as suggested earlier for the typical case in high latitude, high speed
solar wind [Forsyth et al., 1996]. We can now ask whether there is

Figure 2. Scatter plot of the normal field component and relative field magnitude across (a) PBSs and (b) non-PBSs.

Figure 3. Illustration of a possible scenario for polar plume
formation. The entire diverging field region will be a plume if
heating is supplied in the chromosphere by the reconnection
[Wang, 1998].
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a statistically significant difference between the non-PBS and PBS
distributions using the same test as above. The result is that the two
distributions are also statistically different at the 99.5% confidence
level, for the given the sample size. Since the analysis is identical,
this test points at physically different conditions. We note that our
results for non-PBSs differ from those found by Neugebauer et al.
[1984] and Horbury et al. [2001]. This can only be due to the
selection criteria for discontinuities in non-PBSs, which differs in
one important way from a random selection of discontinuities. This
is that only discontinuities in which Br reverses direction have been
used. We find that these discontinuities are less Alfvénic (less
likely to be RDs) and more independent than in a random selection
from all solar wind.

4. Discussion

[15] We have analyzed magnetic data measured by Ulysses in
the south polar regions in 1994. We find that PBSs have
tangential discontinuities, in preference to rotational, for cases
when reversals in Br take place. This implies that the magnetic
structure of PBSs appear to be like current sheets or plasmoids.
On the other hand, the structure in non-PBSs with Br reversals is
typically a rotational discontinuity and probably represents Alf-
vénic fluctuations.
[16] Previous studies suggest that polar plumes are the solar

origin for PBSs because they have compatible characteristics
[McComas et al., 1996; Reisenfeld et al., 1999]. How does one
consider PBSs in connection with polar plumes on the basis of the
present results? Plumes are considered to form at unipolar flux
concentrations in the network when magnetic bipoles are advected
up against the concentrations and reconnect with them [e.g., Wang,
1998]. The situation can be illustrated as stage A and B in Figure 3,
which shows a possible scenario for the relation between PBSs and
polar plumes. The reconnection creates a local loop and heats
plasma in the loop. As the local loop disappears, the reconnection
between the initial magnetic bipole and the flux concentration takes
place again and the lower atmosphere is further heated. Stages A
and B are repeated until, at last, the amount of the heating in the
lower atmosphere becomes so large that the local loop expands
outward to the corona and creates a pair of current sheets when
viewed in cross-section (stage C and D in Figure 3). The current
sheets may reconnect with the surrounding flux and create plas-
moids at stage D. In either case, one observes either the current
sheets or plasmoids in PBSs as tangential discontinuities. Accord-
ing to stage D, the current sheets or plasmoids are formed only
over a portion of the base of a plume (= a PBS).
[17] Our results may also contribute to understanding of the

mechanism of the high-speed solar wind acceleration. Recent
observations from SOHO/SUMER have shown that the velocity
structure in coronal holes is related to the chromospheric magnetic
network with the largest velocities coming from the network
boundary [Hassler et al., 1999]. Acceleration models of the fast
solar wind often require an additional heat input to explain the
rapid acceleration observed from interplanetary scintillation obser-
vations [Grall et al., 1996]. Reconnection due to the activity at
network boundary or high-frequency Alfvén waves generated by
the reconnection are proposed for the additional heating. That
PBSs observed by Ulysses at high-latitudes have tangential dis-
continuities would be favorable characteristic for models in which
reconnection plays an important role for the fast wind acceleration
elsewhere in the network, as well as in the formation of plumes.
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